Introduction
============

Cancer is a global health problem that affects all socioeconomic groups and people of all ages. Each year, there are approximately 7.6 million cancer deaths worldwide.[@b1-itt-3-151],[@b2-itt-3-151] The precise causes of cancer have not been defined. It is known that gene mutations induced by host internal or by environmental factors can lead to the growth of cancer cells. Additionally, cancer cells have unique biological properties, including replicative immortality, metastatic capability, and escaping immunosurveillance.[@b3-itt-3-151]--[@b5-itt-3-151] Investigators have also proposed the idea of cancer stem cells as one of the possible causes of cancer.[@b6-itt-3-151]--[@b9-itt-3-151]

Many early cancers do not exhibit defined symptoms, and are only detected in the later stages of disease. By this time, there is usually significant spread to other organs and to lymph nodes. If detected early, conventional therapies, such as chemotherapy, radiation, and surgery are generally successful, resulting in excellent 5-year survival rates. However, cancers such as digestive, ovarian, and pancreatic cancer, which lack easily recognizable symptoms for early stage disease and have inefficient screening procedures, are usually discovered at the stage of advanced metastatic disease. At this time, conventional therapy is not sufficiently effective for management, and typically there is a poor response to therapy, a high rate of disease recurrence, and a poor 5-year survival rate.[@b10-itt-3-151] To advance the care of cancer patients, over the past few decades, efforts have focused on developing successful immunotherapeutic agents.

Immunotherapeutic agents used to treat cancer began as early as 1891, when streptococcal organisms were injected into a patient with inoperable cancer, resulting in reduced size of the tumor.[@b11-itt-3-151]--[@b14-itt-3-151] Today, much more is known about immune escape mechanisms in cancer, and immunotherapy is more targeted and increasingly more successful. Strategies for cancer immunotherapy vary with the affected organ, and include the use of antitumor cytokine administration, monoclonal antibodies to inhibit tumor-cell growth by inducing apoptosis or other mechanisms, targeting of tumor-associated antigens, blocking of immune-checkpoint molecules, dendritic cell (DC) vaccines to boost antitumor immunity, and adoptive transfer of genetically engineered T-cells.

Recently, the era of modern immunotherapy has been marked by significant triumphs, including breakthroughs with the antigen-presenting cell vaccine sipuleucel-T for castration-resistant prostate cancer,[@b15-itt-3-151] antibody-blocking checkpoint inhibitor cytotoxic T lymphocyte-associated antigen (CTLA)-4 (Yervoy^®^ \[ipilimumab\]) for metastatic melanoma,[@b16-itt-3-151],[@b17-itt-3-151] and genetically engineered T-cells for lymphomas and leukemias. These immune approaches significantly enhance the management of cancer therapy, resulting in improved survival, and pave the way for expanded use of these or similar immunotherapy regimens for other cancers.

This review provides an up-to-date account of immunosurveillance in cancer, promising immune-based clinical trials against various cancers, US Food and Drug Administration (FDA)-approved immunotherapies, and future directions that may facilitate the development of novel immunotherapeutic agents, which we hope will be sufficiently cost-effective and available to all patients who require these treatments.

Cancer immunosurveillance
=========================

One in four deaths in the US is due to cancer. It is projected that 1,665,540 new cancer cases of cancer and 585,720 cancer deaths will occur in 2014.[@b10-itt-3-151] Even so, there has been a decline in cancer deaths over the last two decades, and we anticipate that as scientists unravel more clues to the causes of cancer, combined with the development of novel immunotherapy for management of advanced and recurrent disease, there will be further improvement in survival rates.

The precise causes of cancer are unknown. In 1909, Paul Ehrlich predicted that the immune system repressed the growth of carcinomas that would otherwise occur at high frequency.[@b4-itt-3-151],[@b18-itt-3-151] This initiated the debate in the field of cancer immunosurveillance. With further understanding in tumor immunology, transplantation, and immunogenetics, a broader concept of "cancer immunoediting" emerged. Cancer immunoediting encompasses a complex network of immunosuppressive factors within the host, tumor-evasion mechanisms, and host-elicited antitumor mechanisms.

Cancer immunoediting consists of three dynamic phases. Briefly, normal cells are transformed by oncogenic stimuli, express distinct tumor specific molecules, and generate proinflammatory danger signals, which initiate phase I: the elimination or immunosurveillance phase.[@b3-itt-3-151],[@b4-itt-3-151] According to Burnet, the thymus-dependent cells of the body constantly survey host tissues for nascently transformed cells.[@b19-itt-3-151] Components of the innate and adaptive immune system detect and eradicate transformed cells before they are clinically apparent. In healthy individuals, the immunosurveillance network consists of immune parameters, such as CD4^+^, CD8^+^, and γδ T-cells, natural killer (NK) cells, macrophages, IFNγ, perforin, and TRAIL (TNF-related apoptosis inducing ligand), which function effectively and prevent the growth of tumors, and hence in theory they should never become clinically apparent.[@b4-itt-3-151],[@b20-itt-3-151]--[@b23-itt-3-151]

However, if these transformed cells are not completely eliminated by a combination of existing immunity, they enter phase 2 -- the equilibrium phase -- in which the immune system controls net tumor-cell outgrowth, with immune responses primarily mediated by CD8^+^ T-cells and IL-12p70 produced by DCs. If at this stage there is lack of sufficiently strong host antitumor immunity, or if tumor cells become less immunogenic via tumor-antigen loss, or there is major histocompatibility complex (MHC)-molecule downregulation,[@b1-itt-3-151],[@b24-itt-3-151] these cells can avoid T-cell attack and enter phase 3, the escape phase. In the escape phase, tumors begin to grow progressively in an unrestrained manner, ie, become malignant, establish an immunosuppressive tumor microenvironment, and eventually become clinically apparent tumors.[@b4-itt-3-151],[@b21-itt-3-151],[@b22-itt-3-151] Understanding immunosuppressive networks in the tumor will guide the development of novel and effective cancer immunotherapy.

Immune components of the cancer microenvironment
================================================

Immunosuppressive events occurring in the tumor microenvironment are critical to the clinical onset of cancer and to survival. Firstly, as shown by recent investigations, not all cellular events in the tumor are detrimental to tumor outcome. In this respect, the cell type, abundance, and location of lymphocytes in tumor beds have been identified as useful factors in predicting disease outcome.[@b25-itt-3-151]--[@b28-itt-3-151] In colorectal cancer, for example, a diagnosis of stage I cancer with patients having few tumor-infiltrating lymphocytes (TILs) had a similar outcome to patients with stage IV and metastatic disease.[@b26-itt-3-151] Therefore, a high frequency of CD3^+^ or of CD8^+^ T-cells at the tumor site is beneficial to outcome. Similar findings were reported in ovarian and other cancers, where the T-cell infiltration in tumor beds is favorable to disease outcome.[@b29-itt-3-151],[@b30-itt-3-151]

On the contrary, elevated numbers of CD4^+^ T-regulatory cells (T~regs~) expressing the transcription molecule FoxP3 in cancer immune infiltrates and in peripheral blood generally have detrimental consequences on cancer outcome.[@b31-itt-3-151]--[@b36-itt-3-151] It should be noted, however, that there are exceptions to this protumor effect of T~regs~, as in the case of colon cancer, in which they may have a positive correlation with survival.[@b37-itt-3-151] Cytokines and chemokines produced by cancer cells and by infiltrating immune cells may confer a protumor cytokine polarization in the tumor beds ([Figure 1](#f1-itt-3-151){ref-type="fig"}).

Characteristically, the tumor microenvironment produces high levels of cytokines IL-10 and TGFβ, which are associated with worsening of cancer.[@b38-itt-3-151]--[@b40-itt-3-151] Many cell types also contribute to this immunosuppression. For example T~regs~ are attracted into the tumor beds by the chemokine CCL22.[@b41-itt-3-151]--[@b43-itt-3-151] Additionally, chemokine receptor CCR4 is highly expressed on some T~regs~. Tumors may also promote the release of CCL17 and CCL21, which also causes these T~regs~ to be recruited to tumor sites. Similarly, T~regs~ expressing VEGF-A (CXCR4) are recruited into tumors expressing the cognate ligand CXCL12.[@b44-itt-3-151],[@b45-itt-3-151] In diseases where T~regs~ are detrimental to tumor outcome, these cells may be enriched by the conversion of immunocompetent T-cells into T~regs~, or by preferential expansion of resident T~regs~ over other cell types, as a consequence of the existing protumor cytokine environment. Other immunosuppressive contributing cells in tumors include plasmacytoid DCs, suppressive macrophages, immature myeloid-derived DCs, and myeloid-derived suppressor cells (MDSCs).[@b46-itt-3-151]--[@b52-itt-3-151]

The maturation, function, and ability of DCs to migrate may be suppressed by MDSCs, M2 (alternatively activated, protumor) macrophages, T~regs~, and other factors in the tumor microenvironment.[@b53-itt-3-151],[@b54-itt-3-151] Therefore, agents that can reprogram M2 macrophages to M1 (classically activated, antitumor) macrophages may be useful in alleviating immunosuppression in the tumor.[@b55-itt-3-151] M1 macrophages produce antitumor cytokines and are associated with prolonged survival, whereas M2 macrophages secrete protumor IL-10 and TGFβ, and are associated with poor outcome in cancer. The chemotherapeutic agent gemcitabine was shown to selectively reduce myeloid-suppressor cells (Gr1^+^CD11b^+^) and enhance antitumor activity of CD8^+^ and NK cells.[@b56-itt-3-151]

Immature myeloid-derived DCs, which express low levels of costimulatory molecules (CD40, CD80 \[B7-1\] and CD86 \[B7-2\]), and high levels of B7-H1 inhibit T-cell proliferation and induce FoxP3 T~regs~.[@b57-itt-3-151] Also, other investigations showed that patients with a low expression of B7-H4 on tumor-associated macrophages had a higher 5-year survival than those with high expression of B7-H4 on these cells.[@b58-itt-3-151],[@b59-itt-3-151] Furthermore, myeloid DCs and macrophages can induce Th17 cells, which secrete IL-17, a cytokine associated with protumor or antitumor immune responses depending on the nature of the cancer.[@b60-itt-3-151]--[@b62-itt-3-151] Plasmacytoid DCs express the enzyme indoleamine 2,3-dioxygenase, which is associated with poor outcomes in cancer.[@b63-itt-3-151]--[@b67-itt-3-151]

In addition to immunosuppression by host immune mechanisms, there are direct immunosuppressive elements imposed by tumor cells in an effort to induce immune evasion. Therefore, tumor cells are capable of downregulating MHC class I, thereby making cross-presentation of tumor-derived antigens (eg, from dead tumor cells) less efficient.[@b24-itt-3-151],[@b68-itt-3-151],[@b69-itt-3-151]

Another immunosuppressive mechanism in the tumor and in the periphery is imposed at immune-checkpoint junctions. Immune checkpoints are necessary to prevent the overstimulation of the immune system; however, coinhibitory molecules that mediate this function can have detrimental consequences in the cancer immunosuppressive environment, inducing protumor immune responses.[@b70-itt-3-151] There are several coinhibitory molecules at immune checkpoints in humans, but notable examples that have recently come full circle as cancer immunotherapy targets are two members of the immunoglobulin gene superfamily, CTLA-4 and programmed death (PD)-1 (CD279) ([Figure 2](#f2-itt-3-151){ref-type="fig"}).

Antigen-specific T-cell activation requires at least two signals. Firstly, an antigen is presented to a T-cell receptor (TCR) by an MHC molecule on antigen-presenting cells (APCs). Secondly, B7-1 and B7-2 on APCs bind to CD28 on T-cells and enhance T-cell stimulation. Coinhibitory molecules, such as CTLA-4, on T-cells are useful to prevent inappropriate stimulation of T-cells and possibly autoimmune disease; however, upregulation of CTLA-4 can promote the preferential binding of this molecule (CTLA-4) to B7-1 or B7-2, inducing suppression of T-cell activity. Similarly, binding of PD-1, primarily expressed on tumor-infiltrating T-cells, to PD ligand (PD-L)-1, (B7-H1, CD274) or to PD-L2, represents another coinhibitory and immunosuppressive T-cell mechanism in cancer.[@b70-itt-3-151]--[@b72-itt-3-151]

In the clinic, a recent strategy in use to overcome immunosuppression is by antibody blockade of immune-checkpoint inhibitory molecules, such as CTLA-4 and PD-1,[@b16-itt-3-151],[@b17-itt-3-151],[@b73-itt-3-151],[@b74-itt-3-151] and several companies are currently designing molecules to optimize the recently FDA-approved targeted-therapy mechanism of immune-checkpoint antibody blocking.

Scope of cancer immunotherapy
=============================

Immunotherapy aims to diminish existing immunosuppressive mechanisms in cancer by blocking these mechanisms and/or to potentiate specific memory T-cell or antibody responses by vaccine administration or cellular immunotherapy, with the ultimate goal of disease management or cure, and improved survival. Unfortunately, there are few identified biomarkers in cancer that can be universally targeted in the treatment of a specific disease. Therefore, current immunotherapy approaches primarily target the immunosuppressive mechanisms discussed in the foregoing section. Immunotherapeutic strategies range from the use of tumor cell-based vaccines, virus-based immunotherapy, antibody immunotherapy, and cellular immunotherapy. We now cover these areas and discuss related preclinical studies and clinical trials.

Tumor cell-based vaccines
-------------------------

Whole tumor cells have been employed as a useful tool against various forms of cancer. For example, the most clinically advanced trial for pancreatic cancer is the use of algenpantucel-L immunotherapy. This is an irradiated live combination of two human allogeneic pancreatic cancer cell lines modified to express the murine enzyme α-1,3 galactosyltransferase, which is needed for the synthesis of α-galactosyl epitopes on surface proteins and glycolipids of such cell lines.[@b75-itt-3-151]--[@b77-itt-3-151] The mouse gene causes the cells to be recognized as foreign to patients' immune system, and thus the immune system attacks these cancer cells and destroys many of them. This is classified as HyperAcute™ immunotherapy (designed by NewLink Genetics, Ames, IA, USA), and similar products are currently being developed with specificity for other types of cancer (non-small-cell lung cancer \[NSCLC\], advanced melanoma, metastatic castrate-resistant prostate cancer, and renal cancer). HyperAcute immunotherapies do not require tissue from individual patients, but use intact whole cells rather than cell fragments.

For pancreatic cancer, Phase II clinical trials with this technology were very encouraging, where data on 69 patients showed that overall survival at 3 years was 39%. This prompted two Phase III trials for pancreatic cancer using algenpantucel-L immunotherapy (HyperAcute pancreas). IMPRESS (IMmunotherapy for Pancreatic REsectable cancer Survival Study) involves up to 722 patients with surgically resected pancreatic cancer (ClinicalTrials.gov identifier: NCT01072981). PILLAR (Pancreatic Immunotherapy with algenpantucel-L for Locally Advanced non-Resectable; given with or without chemotherapy and radiation) (ClinicalTrials.gov identifier: NCT01836432), is currently enrolling patients with locally advanced pancreatic cancer. Therapeutic advances in pancreatic cancer are desperately needed, as with existing therapy this disease has a 5-year survival rate of below 10%.

Another tumor-cell therapy regimen consisting of autologous tumor cells conjugated to dinitrophenyl, called M-Vax, was used for the treatment of malignant melanoma (ClinicalTrials.gov identifier: NCT00257465).

OncoVAX, a tumor-cell product, is in Phase III clinical trials for colon cancer patients. The OncoVAX regimen consists of intradermally injecting two doses of autologous irradiated (200,000 rads) tumor cells, mixed with fresh-frozen mycobacteria of the Tice strain of bacillus Calmette--Guérin, followed by two injections of irradiated tumor cells alone.[@b78-itt-3-151] Bacillus Calmette--Guérin is a live but weakly pathogenic bacterium, and induces a strong immune response, and hence it is incorporated in the first two vaccines to boost the immune response.

BiovaxID (ClinicalTrials.gov identifier: NCT00091676) is in the regulatory approval process in Canada and Europe for late-stage indolent follicular lymphoma.

Other tumor-cell products that may be used as immunotherapeutic agents are the heat-shock protein (HSP) family molecules. HSPs act as molecular chaperones. They can be induced or released during cellular stress and necrosis. They bind potential antigens on cell death, and deliver them to APCs through several mechanisms.[@b79-itt-3-151] Tumor cells can secrete HSP70-containing exosomes, which recruit MDSCs, thereby contributing to immunosuppression. On the contrary, HSP70 peptide complexes are also secreted from necrotic tumor cells and can trigger anticancer CTL after entering APCs and cross-presenting to CD4 T-cells in afferent lymph nodes, leading to inhibition of tumor growth. HSPs can also bind tumor-associated antigens and deliver them to APCs through MHC I and MHC II molecules, inducing the activation of antitumor CD4^+^ and CD8^+^ T-cells. The antitumor effects of HSP have been investigated in several preclinical studies, and due to the positive results it has advanced to clinical trials.[@b79-itt-3-151]--[@b81-itt-3-151] To mention a few examples, clinical trials with HSP96 are currently in progress for the immunotherapy of diseases, such as glioblastoma (ClinicalTrials.gov identifiers: NCT01814813 and NCT02122822).

Virus-based immunotherapy
-------------------------

Some virus infections can lead to cancer, but on the contrary, virus technology is often of significant benefit in cancer immunotherapy. Engineering of viruses to express novel cancer-specific proteins and other molecules is currently being employed in several clinical trials. ProstVac-VF, a prostate-specific antigen (PSA)-targeted therapeutic vaccine, is a combination of recombinant vaccinia and fowlpox virus vaccine that delivers PSA and three costimulatory signals -- B7-1, ICAM-1, and LFA-1 -- known as Tricom. This strategy is designed to enhance antigen uptake by DCs and subsequent antigen presentation to T-cells. A Phase I clinical trial using ipilimumab and PSA-Tricom showed clinical benefit and development of specific immune responses in patients.[@b82-itt-3-151],[@b83-itt-3-151] A detailed summary of the scope of viral vector immunotherapy strategies is outlined elsewhere.[@b84-itt-3-151]

Oncolytic viruses infect and kill cancer cells and associated endothelial cells, preferentially to normal cells.[@b85-itt-3-151]--[@b89-itt-3-151] The death of cancer cells occurs by immunogenic apoptosis, autophagic cell death, necrosis, and pyroptosis, and cell proteins are processed and presented by DCs stimulating antitumor and antiviral immune responses. Current technology allows the manipulation of the viral genome to improve safety, and the insertion of transgenes to augment antitumor activity.[@b85-itt-3-151],[@b88-itt-3-151] Ongoing clinical trials with modified adenovirus, herpesvirus, reovirus, measles, and other viruses will provide critical information regarding the safety and efficacy of oncolytic virus immunotherapy. In general, toxicity with virus clinical trials has been minor.

Vaccines against pathogens that cause cancer
--------------------------------------------

Prophylactic vaccination therapy is effective against some viruses that cause cancer. In 1981, the FDA approved the hepatitis B virus vaccine, now given to infants. This vaccine reduces hepatitis B virus infections and incidences of hepatocellular carcinoma.[@b90-itt-3-151]

Human papillomavirus (HPV) causes almost all cases of cervical cancer, as well as some anal, vulval, vaginal, penile, and oropharyngeal cancers.[@b91-itt-3-151],[@b92-itt-3-151] Courses of the FDA-approved quadrivalent vaccine Gardasil (Merck Pharmaceuticals, 2006) against HPV types 6, 11, 16, and 18, and the bivalent vaccine Cervarix (GlaxoSmithKline, 2009) against HPV types 6 and 11 are efficient in preventing cervical cancer and genital warts in individuals at risk. Gardasil is approved in many countries for the prevention of cervical cancer. In these vaccines, immune memory is primarily mediated by B cells.[@b91-itt-3-151]--[@b93-itt-3-151] The shortcoming with these current prophylactic HPV vaccines, however, is that they are not effective in individuals who already have HPV infections. Therefore, vaccines such as VGX-3100 are being tested in women with cervical dysplasia. This vaccine induces antibodies to HPV serotypes, and specific CD8^+^ T-cells with granzyme B, perforin, and cytolytic potential.[@b94-itt-3-151],[@b95-itt-3-151]

Cytokine immunotherapy
----------------------

The use of cytokine treatment to repolarize the immune system was one of the early forms of immunotherapy. IFNα was one of the first cytokines approved for use in leukemia[@b96-itt-3-151],[@b97-itt-3-151] and melanoma[@b98-itt-3-151],[@b99-itt-3-151] patients. IL-2, FDA-approved in 1998, is effective in metastatic melanoma and in renal cell carcinoma. IL-2 in combination with granulocyte macrophage colony-stimulating factor (GM-CSF) or with chemotherapy may have added benefits.[@b5-itt-3-151],[@b100-itt-3-151],[@b101-itt-3-151] Cytokine GM-CSF stimulates the differentiation of stem cells to granulocytes and monocytes, and this treatment has been used in combination with primed lymphocytes in hematopoietic diseases, such as acute myeloid leukemia.[@b102-itt-3-151] One of the drawbacks in cytokine immunotherapy is toxic side effects. For example, TNFα used in the therapy of melanoma patients may induce a septic shock-like condition if not administered at the right doses.[@b103-itt-3-151] Recent preclinical studies showed that cytokine IL-12 therapy combined with blocking anti-CTLA-4 therapy causes a decrease in FoxP3^+^ T~regs~ and an increase in effector CD4^+^ T-cells.[@b104-itt-3-151]

Antibody immunotherapy to reduce immunosuppression
--------------------------------------------------

There are several mechanisms whereby antibody immunotherapy can be used to overcome immunosuppression in cancer or to potentiate antitumor immunity. Some examples follow.

### Anticytokine antibodies

IL-6 promotes early colitis-associated cancer, and thus anti-IL-6 antibody immunotherapy may be useful in the treatment of such diseases as colorectal cancer.[@b105-itt-3-151]

### Depleting CD47 on tumor cells

CD47 on tumor cells binds to its receptor -- signal regulatory protein-α -- on phagocytic cells, and prevents phagocytic cells from ingesting tumor cells. This process is mediated by the selective expression of calreticulin on tumor cells. Antibody blocking of CD47 in mouse models of different cancers results in dramatic improvements or failure to induce disease.[@b106-itt-3-151]--[@b109-itt-3-151] Engulfment of tumor cells by macrophages after anti-CD47 antibody blockade results in improved antigen-specific CD8^+^ T-effector cell immunity.[@b110-itt-3-151]

### Abrogation of T~regs~

Daclizumab, an anti-CD25 antibody was effective in inducing a prolonged decrease in T~regs~ in breast cancer patients.[@b111-itt-3-151],[@b112-itt-3-151] Denileukin diftitox, an IL-2 diphtheria-toxin fusion protein, was used to treat cutaneous T-cell lymphoma and melanoma[@b113-itt-3-151] and for clinical trials in several other cancers, including one with ovarian cancer by the authors (ClinicalTrials.gov identifier: NCT00703105). Cyclophosphamide is frequently used in clinical trials as a mechanism of targeting T~regs~.[@b114-itt-3-151]--[@b118-itt-3-151]

### Enhancement of immune responses

CD40 expressed in high levels on the surface of mature DCs binds to CD40 ligand (CD40L) on T-cells, and increases costimulation and effective T-cell immune responses. Ligation of CD40 to CD40L mediates IL-12 production in DCs. Anti-CD40 monoclonal antibodies and IL-2 or IL-15, an NK- and T-cell activator, was effective in the treatment of a murine model of colon cancer.[@b119-itt-3-151],[@b120-itt-3-151] CD137 is expressed on activated T-cells, DCs, and NK cells. It increases T-cell proliferation and IL-2 secretion, and these properties make it a good candidate for antitumor immunotherapy. Clinical trials with anti-CD137 (BMS-663513) have been conducted in melanoma, ovarian cancer, and NSCLC.[@b121-itt-3-151]

Immune-checkpoint antibody-blocking immunotherapy
=================================================

CTLA-4 and PD-1 prevent immune mediated damage to normal tissues in healthy individuals. In cancer, interaction of these molecules with their ligands B7-1 and B7-2 (for CTLA-4) and PD-L1 or PD-L2 (for PD-1) have been identified as significant immunosuppressive pathways.[@b71-itt-3-151],[@b122-itt-3-151]--[@b125-itt-3-151] A blocking anti-CTLA-4 antibody, ipilimumab, is FDA-approved (2011) for treating metastatic malignant melanoma.[@b16-itt-3-151],[@b17-itt-3-151],[@b72-itt-3-151] Ipilimumab is a monoclonal antibody designed to block CTLA-4, thereby preventing the development of tolerance, and augmenting immune responses. Clinical trials are ongoing with this treatment for prostate cancer, NSCLC, renal cancer, and pancreatic cancer, as well as hematologic malignancies.[@b73-itt-3-151],[@b126-itt-3-151]--[@b129-itt-3-151] In preclinical studies of a murine tumor model, CTLA-4 blockade in synergy with a GM-CSF expressing tumor-derived vaccine enhanced T-cell activation and memory and elicited antitumor T-cell responses in the early stages of tumor growth.[@b130-itt-3-151]

Phase I, II, or III clinical trials are in progress with ipilimumab, or with another anti-CTLA-4 antibody blocker, tremelimumab, in combination with cellular vaccines, chemotherapy, radiation, cytokine treatment, or adoptive T-cell-transfer therapy, and are reviewed in Gelao et al.[@b73-itt-3-151] Both agents recognize CTLA-4 and prevent ligation of CTLA-4 with B7 molecules. Even though these treatments show significant promise, ipilimumab therapy is not without side effects, many of which are gastrointestinal.[@b72-itt-3-151],[@b131-itt-3-151],[@b132-itt-3-151]

In September 2014, Keytruda (pembrolizumab), to be used for the treatment of unresectable or metastatic melanoma, was the first anti-PD-1 receptor therapy to be FDA-approved. An anti-PD-1 monoclonal antibody, nivolumab, has been investigated in Phase I and II trials in 296 patients with pretreated NSCLC, prostate cancer, renal cell carcinoma, colorectal cancer, and melanoma.[@b133-itt-3-151],[@b134-itt-3-151] Like anti-CTLA-4 antibody-blocking therapy, anti-PD-1 and anti-PD-L1 antibodies are used in single or combination therapy, resulting in some encouraging findings, but with fewer adverse gastrointestinal, skin, liver, and endocrine system side effects than ipilimumab. Combination therapy with these checkpoint inhibitors and other therapy shows more promise than either therapy alone, without additional side effects.[@b73-itt-3-151],[@b74-itt-3-151],[@b130-itt-3-151],[@b133-itt-3-151],[@b134-itt-3-151]

Glioblastoma is a deadly cancer in which patients are expected to survive 1 year after diagnosis.[@b135-itt-3-151] This disease is characterized by a highly suppressive T~reg~ environment.[@b136-itt-3-151],[@b137-itt-3-151] In a recent mouse-model study of this disease, IL-12 fusion protein (IL-12 Fc) was delivered directly into cerebral tumors via osmotic minipumps over a 28-day period.[@b104-itt-3-151] This was combined with systemic administration of anti-CTLA-4 antibody treatment. This combined treatment led to full remission in most mice and greatest improved histological response, unlike the outcome for either monotherapy. Additionally, IL-12 Fc treatment led to a dramatic increase in CD4 T-cells, whereas both treatments resulted in increases in CD8 T-cells. Fluorescence-activated cell-sorting analysis showed that between days 21 and 35 after injection, there was an increase in total CD4^+^ T-cells, and a strong increase in the frequency of these cells that produced IFNγ, but a profound reduction in FoxP3^+^ cells. There was a long-lasting improved effect even after 91 days of therapy. Interestingly, IL-12 Fc increased the expression of perforin in CD8^+^ T-cells and in NK cells, but not in CD4^+^ T-cells, indicating that CTLs are primarily responsible for tumor control.[@b104-itt-3-151] Other studies indicate that selective opsonization of T~regs~ with anti-CTLA-4 antibodies can induce potent antibody-dependent cell-mediated cytotoxicity within the tumor site.[@b138-itt-3-151]

Cellular immunotherapy in cancer
================================

Since the FDA approval of the DC immunotherapy sipuleucel-T for castration-resistant prostate cancer, investigators have been prompted to initiate clinical trials and preclinical studies with novel ex vivo manipulations of DCs, and to determine appropriate combination therapies that would enhance and optimize DC-vaccine regimens. Additionally, the field of T-cell immunotherapy for cancer has been rapidly expanding.[@b139-itt-3-151] Hematopoietic stem cell transplant (HSCT) from a healthy donor is a potent form of cellular immunotherapy to treat hematologic malignancies, and is sometimes the last option in children who have relapsed malignancy.[@b140-itt-3-151] In some trials, TILs are isolated and used for adoptive cell transfer.[@b141-itt-3-151] Recent advances in the field of T-cell immunotherapy have been marked by genetic manipulations of infused T-cells, either by TCR or chimeric antigen receptor (CAR) gene transfer.[@b142-itt-3-151] The following sections will discuss advances in DC-based and T-cell immunotherapy.

Dendritic cell-based vaccines
-----------------------------

DCs are the most potent APCs in the immune system. They were first reported in the skin in 1948,[@b143-itt-3-151] and later characterized in spleens of mice in 1973.[@b144-itt-3-151] DCs capture, process, and present antigens, and induce the generation of specific effector and memory T-cells. DCs express costimulatory molecules that regulate immune activation and anergy, T-cell differentiation, and cytokine polarization. DCs prime both T-cell and humoral immune responses.[@b145-itt-3-151]--[@b147-itt-3-151]

DCs recognize tumor-associated antigens, and have been used in several clinical trials over the past two decades exploiting their inherent properties.[@b148-itt-3-151]--[@b150-itt-3-151] The most successful DC immunotherapy to date is the FDA-approved sipuleucel-T (Provenge; Dendreon) for castration-resistant prostate cancer.[@b15-itt-3-151] Prostatic acid phosphatase is restricted to prostate tissue, and is thus a specific target in metastatic prostate cancer.[@b151-itt-3-151] In this personalized vaccine, sipuleucel-T is prepared with autologous APCs treated with recombinant fusion protein PA2024. PA2024 is a fusion protein consisting of full-length human prostatic acid phosphatase and full-length human GM-CSF.[@b152-itt-3-151],[@b153-itt-3-151] A complete course of sipuleucel-T therapy, resulting in improved survival in these prostate cancer patients, consists of three doses of the vaccine at about 2-week intervals.[@b15-itt-3-151],[@b153-itt-3-151]

Recently, a novel approach was used to treat malignant glioma in a cohort of 22 patients.[@b154-itt-3-151] Mature DC classified as alpha-DC-1 were prepared in cytokines GM-CSF, IL-4, and a potent cytokine-maturation cocktail, consisting of IL-1β, TNFα, IFNγ, IFNα, and poly-I-C, as previously described.[@b155-itt-3-151],[@b156-itt-3-151] Two hours before harvesting DCs, cells were loaded with Pan-DR epitope peptide (PADRE) optimized for Th-cell response, and with glomerular-associated peptides. Alpha-DC-1 were administered intranodally in the right or left inguinal and axillary lymph nodes for alternate injections at 2-week intervals (one to four vaccines), and polyinosinic--polycytidylic acid stabilized by lysine and carboxymethyl cellulose (poly-ICLC; 20 μg/kg) was given intramuscularly twice weekly to all patients for 8 weeks. Poly-ICLC enhances the efficacy of glioma-associated antigen-targeting vaccinations.[@b157-itt-3-151],[@b158-itt-3-151] Vaccine regimens were subject to later repeat courses in patients who did not have adverse responses. IL-12p70 secreted by patient DCs correlated positively with time to progression, ie, high DC IL-12 secretion was associated with improved outcome. Nine patients achieved progression-free status lasting at least 12 months, while 58% of patients showed improved Th1 (eg, IFNγ) responses in peripheral blood mononuclear cells to at least one of the vaccination-targeted glioma-associated antigens.[@b154-itt-3-151]

Survival benefits of DC vaccines have been reported in several clinical trials,[@b149-itt-3-151],[@b159-itt-3-151] but like most immunotherapy there are still several hurdles to overcome in order to optimize this treatment for cancer and other diseases. Today, most investigators, including the authors who have ongoing ovarian cancer clinical trials with α-DC-1 (ClinicalTrials.gov identifier: NCT00703105), believe that a mature DC vaccine, such as α-DC-1, is superior to an immature DC for immunotherapy, but there are still several unanswered questions concerning methods of DC optimization for improved therapy. These questions relate to the cytokine culture environment of DCs, ex vivo manipulation and selection of antigens for loading, method of delivery of antigens, the route of vaccine administration, the frequency of administration, and dose of cells.[@b160-itt-3-151]--[@b162-itt-3-151] The antigens used for loading DCs varies with the disease. Proteins, deoxyribonucleic acid (DNA), ribonucleic acid, or autologous tumor lysate can be used to load DCs.[@b163-itt-3-151]--[@b165-itt-3-151] Some groups have used tumor-associated antigens or overexpressed tumor antigens, such as the cancer testis antigens NY-ESO-1, MAGE-family antigens, antigens derived from melanocyte-differentiation factors (eg, gp100 or MART), antigens encoded by oncogenes, MUC-1, HER-2/neu, and other antigens.[@b1-itt-3-151],[@b165-itt-3-151]--[@b170-itt-3-151] DC incubation with the antigens or delivery of tumor-associated antigens with bacterial or viral vectors are strategies for loading DCs.[@b171-itt-3-151]--[@b173-itt-3-151] As expected, a consideration of all of these parameters determines whether CD4^+^ and/or CD8^+^ T-cells are activated, and consequently the benefit of DC therapy to patients.

Another class of cancer antigens currently under investigation for immune targeting is neoantigens. These antigens are derived from mutated proteins present in tumors, but not found in normal individuals.[@b174-itt-3-151],[@b175-itt-3-151] Neoantigens may prove in future trials to be one of the most successful antigens for delivery to DCs for use in patient vaccines, since patients can mount a sustained antitumor immune response against these unique tumor antigens.

Hematopoietic stem cell transplants
-----------------------------------

Bone marrow transplants, peripheral blood stem cell transplants, or cord-blood transplants are grouped under the term HSCTs. Allogeneic HSCTs are the most widely used form of adoptive T-cell immunotherapy. This method was developed over 50 years ago to treat patients with anemias and immune deficiencies,[@b140-itt-3-151] and is now frequently used to treat hematologic malignancies and some solid cancers. HSCT has become standard immunotherapy for leukemia and lymphoma at several large centers, including that of the authors.

HSCT allows the delivery of myeloablative (high) doses of radiation or chemotherapy for increased killing of tumor cells, in comparison with conventional doses of these standard therapies. The patient's bone marrow, which can no longer function, is rescued with intravenous infusion of HSCs. Peripheral blood SCTs account for 95% of adult autologous transplants, as well as 70% of adult allogeneic transplants.[@b140-itt-3-151],[@b176-itt-3-151] In children, bone marrow is commonly used for these allogeneic transplants, since the outcome is better.[@b177-itt-3-151] Several milestones have been accomplished in HSCT treatment since the start of this therapy in 1951. Notably, over the last 20 years, it has been found that cord blood harvested shortly after birth is very rich in HSCs. Today, there are many stem cell banks that provide stem cell products for allogeneic HSCT.[@b178-itt-3-151]--[@b181-itt-3-151]

The ultimate goal in HSCT cancer immunotherapy is to improve engraftment, decrease graft-versus-host disease, augment graft-versus-tumor effects, and increase survival. To this end, investigators are studying mechanisms to culture and expand HSCs, without further differentiation, by such techniques as using bone marrow stromal cell lines and various cytokine cocktails to optimize this expansion either on a small scale or commercially,[@b182-itt-3-151] or by regulation of molecular pathways in these cells. Since 2006, approximately 40% of allogeneic transplants have used nonmyeloablative conditioning (lower doses of chemotherapy and radiation) of patients. This strategy allows older patients and those with other diseases to benefit from HSCT. Improved techniques and knowledge concerning human leukocyte-antigen matching and posttransplant therapy, such as high-dose cyclophosphamide to deplete T-cells and suppress graft-versus-host disease, allows better identification of suitable donors, and consequently more patients to benefit from HSCT therapy.[@b180-itt-3-151] Furthermore, molecular characterization of the donor and recipient cells can give clues to better matching and to patient outcome after transplant. Additional measures that may improve the success of HSCT include the use of drugs to increase homing of CD34^+^ cells to the bone marrow. For example, CXCR4 and its ligand CXCL12 (SDF1) direct CD34^+^ stem cells to migrate to the bone marrow.[@b183-itt-3-151] CD34^+^ stem cells of bone marrow have the ability to engraft and give rise to stem cells of diverse hematopoietic origins.[@b184-itt-3-151] Plerixafor, a CXCR4 antagonist, given in combination with G-CSF, increases mobilization of stem cells.[@b185-itt-3-151] This combination therapy is FDA-approved for patients with non-Hodgkin's lymphoma and multiple myeloma.

In a Phase II immunotherapy-combination trial, multiple myeloma patients were given DC-tumor infusions before and after autologous SCT.[@b186-itt-3-151] Twenty-four patients received serial vaccinations with DC-myeloma fusion cells following posttransplant hematopoietic cell recovery. A second group received pretransplant vaccine as well as posttransplant vaccine administration. Seventy-eight percent of patients achieved a best response of complete response + very good partial response. Immune monitoring of patients revealed that vaccination resulted in a marked expansion of myeloma-reactive CD4^+^ and CD8^+^ T-cells expressing IFNγ in response to autologous tumor lysate.[@b186-itt-3-151]

Targeting of tumors with modified T-cells
-----------------------------------------

TIL therapy has been used in preclinical models and in clinical trials with some success. However, the production of these cells is a complex process, generally limited to specialized centers. Isolated TILs (T-cells) are harvested, activated, and expanded in culture and then infused back into the patient, usually with IL-2 administration. In this form of adoptive cell transfer, these cells can traffic to the tumor and lead to prolonged tumor eradication.[@b187-itt-3-151],[@b188-itt-3-151]

There are two main types of genetically engineered T-cells used for adoptive cell therapy for cancers: TCR gene-modified and CAR gene-modified T-cells. These cells have high avidity and high reactivity to tumor antigens.

T-cells may be genetically modified to enhance the expression of selected high-affinity TCR before infusion into patients (ClinicalTrials.gov identifier: NCT01586403). T-cells are isolated from patients and cultured and expanded in cytokine cocktails. Cells are genetically altered using vectors containing nucleic acids encoding molecules that enable T-cells to recognize and mount immune responses to cancer cells. These vectors, often replication-deficient retroviruses or lentiviruses, or DNA plasmid-based vectors, deliver the selected genes to T-cells; these genes are incorporated into the T-cell genome, and hence passed down to dividing cells. Genes inserted into T-cells can enhance tumor-cell recognition, tumor-cell killing, cause T-cells to migrate into tumors, increase T-cell proliferation, or overcome factors in the tumor-suppressive microenvironment.[@b142-itt-3-151],[@b189-itt-3-151]--[@b191-itt-3-151]

CARs combine antigen specificity with T-cell activation in a single fusion molecule. The structure consists of an antigen-binding domain, an extracellular domain spacer/hinge region, a transmembrane domain, and an intracellular signaling domain, leading to T-cell activation after antigen binding.[@b142-itt-3-151] For CAR T-cell therapy, a patient's T-cells are collected and genetically altered to produce special receptors on their surface. These CAR proteins allow the T-cells to recognize a specific antigen on tumor cells. The altered cell is expanded in culture several-fold and then administered to the patient. These T-cells multiply in vivo and recognize and kill cancer cells bearing the target antigen independently of MHC I.[@b192-itt-3-151] This therapy has proved very effective, especially in children. There have been a limited number of successful cases so far, as this form of therapy is still developing. However, recently the CAR T-cell therapy CTL019 gained FDA breakthrough designation for the treatment of acute lymphoblastic leukemia.[@b193-itt-3-151] In this trial, the T-cells were released into the patient's blood, where they proliferated and bound to the targeted CD19^+^ cells and destroyed them. CD19 is commonly expressed on B cells, and hence this is a critical tool against B-cell leukemia. There are several other ongoing clinical trials in this area for hematologic malignancies and solid cancer, but most genetically modified T-cell therapy is in the experimental stages.[@b142-itt-3-151],[@b188-itt-3-151],[@b194-itt-3-151],[@b195-itt-3-151]

Conclusion
==========

Since the original debate on cancer immunosurveillance about a century ago, there has been significant knowledge gained concerning events in the tumor microenvironment and immunosuppression in the host. Scientists have been able to use this information to design immunotherapy strategies to exploit the patient's immune system to improve patient survival. Therefore, the use of anticytokine antibody therapy, immune-checkpoint inhibition, autologous DC immunotherapy, and T-cell immunotherapy are all designed to overcome immunosuppression, improve patient care, and ultimately prolong survival.

Today, immunotherapy has advanced from improvements in a few cases to FDA approval of several immunotherapeutic agents. However, even with achievements in DC immunotherapy, such as sipuleucel-T, immune-checkpoint blocking antibodies, such as ipilimumab and Keytruda (pembrolizumab) and the recent FDA breakthrough designation for CAR T-cell therapy CTL019, the greatest barrier to new immunotherapy developments is the lack of relevant disease biomarkers for each disease so that the immune system can be more effectively targeted.

Recently, investigators reported a detailed genomic analysis of adenocarcinoma, a cancer found in the tissues near the outer parts of the lungs. They identified 18 statistically significant gene mutations in a study of 230 adenocarcinomas,[@b196-itt-3-151] a cancer with very low 5-year survival. Similar genomic analysis has been done for ovarian, colon, and breast cancer and acute myeloid leukemia, findings that we hope will facilitate the identification of additional biomarkers for diagnosis and/or therapy.

Many immunotherapeutic agents are still in the experimental or clinical trial phase, but we are encouraged, because many of these trials have shown sufficient success to prompt Phase II and III clinical trials. Additionally, several large and mid-size biotechnology companies are providing experimental drugs for preclinical and clinical trial testing. Combined targeting of the immune system with different classes of immunotherapeutic agents, DC, and/or adoptive T-cell therapy, will deliver the optimum therapeutic force against cancer.

In the case of DC immunotherapy, it is likely that improved nanoparticle delivery of relevant molecules, such as those of chemokine receptor CCR7, which guide DCs to lymph nodes, will enable DCs to traffic, persist in vivo, and maintain function to stimulate potent and sustained antigen-specific T-cell responses. The use of target molecules, such as neoantigens in DC immunotherapy, is also a promising strategy.

CAR T-cell immunotherapy is also an attractive immunotherapeutic mechanism, because benefit is derived through an MHC I-independent mechanism, and thus the effect of tumors downregulating MHC I to evade detection is not a concern. There are several ongoing clinical trials with genetically redirected T-cells in solid and hematologic cancers.[@b142-itt-3-151] However, different delivery vectors need to be tested, as do the best conditions under which to expand T-cells, as well as incorporation of specific/multiple target genes required to polarize the immune system from immunosuppressive to antitumor, and to avoid immune escape mechanisms of the tumor cells.

In the US, about a quarter of deaths each year is due to cancer. This is a very exciting and productive phase in the era of cancer-immunotherapy development, but given the complexity of immunosuppression in cancer, researchers must continue to elucidate new biomarkers for the disease and test effective immunotherapy combinations to treat this disease. Additionally, efforts need to be directed toward minimizing and managing adverse reactions to immunotherapy, and precautions need to be taken to reduce infection risks of potent immunotherapy. Finally, there is also the need for industry and health care systems to design creative ways to overcome the high cost of immunotherapy, so that this novel approach to cancer treatment can reach all who need it.
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![Immunosuppressive components of the tumor microenvironment.\
**Notes:** At tumor sites, immune cells express soluble molecules that cause the recruitment or differentiation of T~regs~, M2 macrophages, and immature DCs to the tumor microenvironment, conferring an immunosuppressive polarization. Administration of immunotherapy to patients reprograms the tumor promoting environment to a Th1 antitumor polarization, favoring tumor regression.\
**Abbreviations:** CCL, chemokine C--C motif ligand; CXCL, chemokine C--X--C motif ligand; IDO, indoleamine 2,3-dioxygenase; Th, T helper; T~regs~, T-regulatory cells; MDSC, myeloid-derived suppressor cell; M1 macrophages, antitumor macrophages; M2 macrophages, protumor macrophages; DC, dendritic cell; pDC, plasmacytoid DC; CTL, cytolytic T-cell.](itt-3-151Fig1){#f1-itt-3-151}

![Immunosuppression by B7-family molecules in cancer.\
**Notes:** Tumors may escape from immune surveillance by ligation of immune-checkpoint inhibitory molecules. Binding of B7-1/B7-2 to CD28 results in T-cell proliferation, IL-2 secretion, and T-memory-cell development. Conversely, binding of B7-1/B7-2 to CTLA-4 in cancer results in immune coinhibition and immunosuppression. Binding of PD-1 to PD-L1/PD-L2 results in immunosuppression in peripheral tissues. Ligation of B7-H4 on macrophages to its cognate receptor, possibly BTLA (not fully characterized) on T-cells, inhibits T-cell proliferation and IL-2 secretion. Agents targeting these immune-checkpoints in cancer are currently being optimized for maximum therapeutic benefit.\
**Abbreviations:** CTLA, cytotoxic T-lymphocyte-associated antigen; PD, programmed death; BTLA, B- and T-lymphocyte attenuator.](itt-3-151Fig2){#f2-itt-3-151}
